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Abstract
Phylogenetic trees are common tools used to visualize evolutionary concepts such as
historical patterns of ancestry, divergence of species, and descent of species. However, students
have misconceptions when reading these abstract diagrams. The purpose of this study was to
compare student performance and evolutionary thinking when using two styles of phylogenetic
trees: cladograms and phylograms. The study also assessed the validity of a hierarchal theoretical
framework evaluating student phylogenetic tree interpretation. Introductory biology students from
two research universities were assigned to two groups, one solely given assessments with
phylograms, and one solely given assessments with cladograms. One-on-one student interviews
were conducted to further explore/examine student interpretation of phylogenetic trees. Results
reveal that surprisingly, students used language associated with pedigree charts when describing
taxa on the trees, a misconception not previously studied. Students exhibited fewer misconceptions
when using cladograms than when using phylograms. Students also used multiple levels of
reasoning in their responses, revealing that students cannot be classified on one hierarchal level of
tree analysis and a less hierarchal format may reveal a more in-depth analysis of student skills
when interpreting phylogenetic trees.
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Chapter 1: Introduction
1.1 Background
1.1a. The Importance of Teaching Evolution
Evolution is an overarching concept that connects disciplines including biology, geology,
paleontology to convey the past, present and future of life on Earth (Gibson & Hoefnagels 2015;
National Research Council 2012). Therefore, having a strong foundation in evolution is
imperative to understand more complex concepts in these STEM disciplines. Furthermore,
evolution was included by the American Association for the Advancement of Science as one of
the necessary core concepts required for a student to be considered “scientifically literate” (AAS
2010, Woodin et al 2010).
1.1b. Phylogenetic Trees as Visualizations of Evolution
When teaching STEM concepts, visualizations have become a popular tool, as they have
been shown to “amplify” student’s cognitive abilities and promote analytical thinking (Ware
2008; Milner-Bolotin & Nashon 2011; Purchase 2014; Quillin 2015). Visualizations have
become an essential part of evolution education, and depicting evolution can be traced back to
the 19th century to Jean-Baptiste Lamarck when he published the first documented branched
diagram to convey the origin of mammals in his book, Philosophie zoologique, in 1809 (de
Lamarck, 1809; Baum et al. 2005; Gregory 2008; Burkhardt, 2013; Dees et al. 2014). Later on,
in 1859, Charles Darwin first published a phylogenetic tree in On the Origin of Species by Means
of Natural Selection to convey descent with modification (Darwin, 1859; Dees et al. 2014).
Since then, phylogenetic trees have increasingly become an essential part of biology education
1

(Baum et al. 2005; Gregory 2008). These “trees” are more abstract than many other
visualizations, such as drawings of a cell which show the appearances of objects or tables and
graphs which show relationships between quantitative data. (Hegarty et al. 1991; Novick &
Cately 2007; Lee 2010; Dees et al. 2014). Therefore, these diagrams can be difficult to
understand as they require interpretation to convey meaning (Novick & Cately 2007; Dees et al.
2014).
1.1c. Phylogenetic Tree Styles
There are multiple versions of phylogenetic trees with different purposes. However, all
phylogenetic trees have three common features: represent a historical pattern of ancestry, species
divergence, and species descent (Gregory 2008). Examples of these features include showing
evolutionary changes in traits (apomorphies) from an organism to its branched descendants,
using most parsimonious versions of trees to support theories about trait development. This
conveys the idea that a two species sharing a most recent common ancestor (MRCA) are more
closely related than species sharing more distant ancestors (Baum et al. 2005; Matthews 2014;
Schramm et al. 2019).
The simplest version of phylogenetic trees is a “cladogram”, and this is the most
commonly displayed version in textbooks (Cately & Novick 2008). Cladograms are primarily
used to describe taxa relationships, and can be drawn in multiple different styles (e.g., bracket or
diagonal; Figure 1.1, Gregory 2008). Cladograms are important tools in various disciplines,
including in ecology to display biodiversity to aid conservation biology efforts, and in
microbiology to convey evolutionary relationships between proteins for vaccine development
(Davies et al. 2009; Bullard & Weaver 2021). Another style of phylogenetic trees that is less
commonly seen in textbooks is a “phylogram” (Cately & Novick 2008). Phylograms are a tree
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style where branch lengths differ based on the level of divergence from an ancestor and are used
to depict molecular evolution using various programs (Figure 1.1, Gregory 2008; Rabosky et al.
2014). Like cladograms, phylograms can be used in disciplines outside education. For instance,
they can be used to track genetic changes in proteins of SARS-CoV and Middle East Respiratory
Syndrome (MERS) for vaccine development (Ahmed et al. 2020).

Figure 1.1. The two phylogenetic tree types of focus in the study. These exact trees will be used
for the pre-assessment questions.
Phylograms can also be used in forensic science to trace transmissions of HIV (Siljic et
al. 2017). Although this style is less popular in biology education, it is still an important tool in
other STEM disciplines. Phylograms provide more information on the mechanisms driving
speciation using different branch lengths and scales to depict the number of base pair changes
per length of branch. These diagrams visually connect genetic and evolutionary relationship
concepts to provide students with a more complete picture of the process of evolution. Exposure
of this tree style in introductory courses could potentially facilitate application of a larger scope
of evolutionary concepts (e.g., taxa relatedness, and functional mutations).

3

1.1d. Tree Thinking & Common Misconceptions
Student interpretation and analysis of phylogenetic trees has been coined “tree thinking”
(Gregory 2008; Schramm et al. 2019). Most pedagogical research on tree thinking focuses on
how students perform with the cladogram style of phylogenetic trees (Novick & Cately 2007;
Cately & Novick 2008; Meisel, 2010; Drive 2012; Halverson 2011; Dees et al. 2014), as the
cladogram is the most common tool to teach undergraduate students tree thinking; however,
students still have misconceptions when interpreting cladograms (Meisel, 2010; Halverson,
2011; Dees et al. 2017; Dees et al. 2018). Some common misconceptions are: superficially
reading the tree to determine taxa relationships (i.e. counting nodes), reading across the wrong
axis of the tree (i.e. branch tips), and failing to understand that taxa sharing a most recent
common ancestor are more closely related (Novick & Cately 2007; Gregory 2008, Meisel 2010;
Halverson 2011; Dees et al. 2014; Dees et al. 2018). This study will include a heavy focus on
taxa relatedness skills as they have been found to be one of the most important and difficult skills
when conducting tree thinking (Halverson 2011; Dees et al. 2014; Novick and Cately 2016; Dees
et al. 2017; Dees et al. 2018).
1.2 Framework and Research Questions
1.2a. Framework for the Study
Schramm and colleagues (2019) created a hierarchical framework conveying students’
abilities to interpret phylogenetic trees (Table 1.1,). They used literature from previous studies to
develop six levels of tree-reading skills. These levels were used to evaluate a students’ skills
when interpreting phylogenetic trees (Schramm et 2019, Table 1.1). For instance, Level 0 of the
framework (Naïve Handling), is used to classify students using misconceptions when reading the
tree (Schramm et 2019, Table 1). Level 1 through 5 measure students’ ability to correctly
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interpret and analyze phylogenetic trees in a hierarchal manner (Table 1.1). For instance,
students may be able to correctly identify components of the tree but fail to correctly recognize
traits or taxa relationships. This student would be classified as a Level 1 in the Schramm
framework. Level 5, “Arguing and Inferring”, is similar to a form of phylogenetic tree
interpretation stated by previous studies as “external insights”, and is described as determining
taxa relationships using information not given in the phylogenetic tree (Baum er al 2005; Novick
and Cately 2007; Baum & Offner 2008; Gregory 2008; Halverson 2011; Halverson et al. 2013;
Novick and Cately 2013; Dees et al. 2014). This study will utilize the framework and further
investigate the notion of students understanding phylogenetic trees in hierarchical levels.
Table 1.1 Phylogenetic tree interpretation skill hierarchies proposed by Schramm et al. 2019
using data from Halverson and Friedrichson 2013 and Novick and Cately 2016.

This project analyzes how students interpret different phylogenetic tree styles and
provide insight that can be applied to addressing and reducing student conceptions and
promoting higher level thinking. The purpose of this study is to determine to what extent
phylograms help students better understand the relationships in the trees and how those
relationships can change due to genetic differences.

5

1.2b. Research Questions
The research questions for the project are focused on measuring student understanding of
phylograms and learning abilities with different tree styles. The questions are as follows:
1. How does tree style influence student understanding of evolutionary concepts?
2. What scientific and non-scientific reasoning do students display when learning with
different tree styles?

6

Chapter 2: Methodology
2.0a. Study Population
The study was conducted in introductory biology courses at two large research
universities, one public southeastern and one private northeastern. The project was approved by
the institution’s Institutional Review Board (see Appendix C). The courses at both universities
focused on evolution and biodiversity. Approximately 1200 students enrolled in these courses at
one university. Approximately fifty students were enrolled in these courses at the other
university. Fifty-eight students from both universities participated in the study, and fifty-five of
these provided demographic information. Students were typically in their first or second year of
their major (see Table A1). A majority of the students were ages 18-21 (94.5%); approximately
half of the population were male (49.1%), and half were female (45.5%), and a few students
identified as non-binary or preferred not to responds (5.4%) (see Table A1).
2.1 Written Assessments
2.1a. Written Assessment Data Collection
To understand whether tree style influences student understanding of evolutionary
concepts, the performance of two groups of students was compared. Students were randomly
assigned to one group receiving assessments with phylograms or another group receiving
assessments with cladograms (see Appendix B). The pre-assessment included five multiple
choice questions followed by prompts asking students to explain their reasoning for their
answers (see Appendix B). Students were given open-ended responses as they provide higher
opportunities to diagnose student misconceptions and to further examine student tree thinking
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skills beyond the multiple-choice questions (Birenbaum & Tatsuoka 1987). These assessments
were adapted from methods used by previous researchers to investigate student interpretation of
cladograms. (Halverson 2011; Eddy et al. 2013; Novick & Cately 2016; Dees et al. 2018;
Schramm et al. 2019). The pre-assessment was then followed by a brief introduction of that tree
style through a lesson.
The phylogenetics lesson was approximately 45 minutes to 1 hour long, and equally
introduced the two styles of phylogenetic trees. The learning objectives for the lesson were to
describe the evolutionary relationships in phylogenetic trees, differentiate between the two
styles, and analyze/interpret each style. Concepts required to understand the trees were taught as
well (e.g., speciation, mutations, descent). Throughout the lesson, students answered and
discussed questions dispersed throughout the lesson using a classroom response system. This
was done to emphasize an active learning approach. Students were given a post-assessment after
the lesson. The post-assessment used the same five questions as the pre-assessment, the only
change being the order of letters used to represent species in the phylogenetic trees (see
Appendix B).
2.1b. Written Assessment Data Analysis
An analytic coding rubric was created to identify themes in student data to determine
student learning and the challenges students encounter when interpreting either phylograms or
cladograms. Analytic coding rubrics allow identification of the presence and absence of each
coding category. A combination of deductive and inductive approaches was utilized to determine
rubric categories. For the deductive approach, the coding rubric was created using possible
scientific and non- scientific reasoning based on previous students' discussions of monophyletic
grouping, branch tip proximity, contemporary descent, and reading nodes in the literature (Meir

8

et al. 2007; Gregory 2008; Halverson 2011; Dees et al. 2014; Schramm et al. 2019; see
Appendix A2). For instance, a code may be used to identify when students describe the incorrect
approach of reading across tree branches to determine taxa relatedness, while another code may
capture student responses that describe use the common ancestors as a reference for the degree of
relatedness between branches (Gregory 2008; Dees et al. 2014; Dees et al. 2017; Schramm et al.
2019). The inductive approach was used to create further coding categories based on patterns
found when reading student responses. For instance, some students used pedigree language in
their responses, which led to the creation of a “Pedigree Explanation” category. This
phenomenon was not found in previous studies and will be further discussed later in the Results
chapter (Figure 4.2).
To ensure student privacy, the data was de-identified before coding. The coding was
completed by a minimum of two researchers and run through an interrater reliability index until a
minimum value of 0.7 Cohen's kappa (Cohen, 1960) was reached to ensure coding
accuracy. Statistical analysis of comparison between student performance across both tree styles
and the pre- and post- assessments was conducted using a non-parametric chi square analysis test
(Mann-Whitney U test). Student performance was assessed using the coding schemes to
determine if the student answered the multiple-choice question correctly and gave an explanation
with no misconceptions. This test was utilized due to the non-normal distribution of the data and
the dichotomous variables for each coding category (e.g., “counted nodes” or “did not count
nodes”). The phi correlation coefficient was used to test the correlations between students
classified at various coding categories (Pearson, 1914). For instance, the correlation between
students superficially reading the phylogenetic tree and counting nodes in their response was
calculated using the phi correlation test.
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The Schramm framework was applied to evaluate student tree thinking skills in addition
to the analytic coding categories identifying specific aspects of a students’ response. Students
were classified at a particular level if they met the requirements for the level. For instance, a
student would be classified as a Level 1 if they correctly identified at least one structure of the
phylogenetic tree in their response. Students could be classified as more than one level. The
Mann-Whitney U test and the phi correlation coefficient were also used to compare student
classification at each level between the pre- and post-assessment, as well as between tree styles.
2.2. Interviews
2.2a. Interview Data Collection
Twelve semi-structured interviews were conducted to further investigate student thinking
in the assessments. The interviews included a think aloud protocol where students verbalized
their steps while answering questions. Students were then asked to respond to more specific
follow-up prompts that further investigate their choices and elaborate on any scientific ideas and
misconceptions. Interviews were de-identified and transcribed.
2.2b. Interview Data Analysis
After transcription, interviews were qualitatively coded using a selective coding approach
similar to the approach of the written assessments using the coding categories created from the
written assessments as a guide. Comparison of student performance between the written
assessments and interviews was quantitatively analyzed using the Mann-Whitney U test.

10

Chapter 3: Quantitative Results
3.1 Pre-Post Performance Analysis
The study examined student MC and written explanations to determine whether students
correctly explained phylogenetic concepts. There were significant increases in student
performance identifying a common ancestor (Taxa Relationships, CA) for both groups (Table
3.1, Figure 3.1). There were no other significant increases in student performance for the other
concepts tested.
Table 3.1. Comparison of students correctly answering the multiple-choice assessment questions
and giving an explanation with no misconceptions between the pre-assessment and postassessment for both phylogenetic tree groups. Corresponding Schramm Levels are portrayed in
parentheses. CA stands for common ancestor.
Cladogram Group
Phylogram Group
PostPhylogenetic
Pre-Assess
Post-Assess
pPre-Assess
pAssess
Concept
(n=29)
(n=25)
value
(n=25)
value
(n=22)
Species
0.37
Descent (1)
25.93%
56.52%
0.48
72.00%
68.18%
Apomorphies
>0.99
0.79
(2)
70.00%
71.43%
75.00%
83.33%
Taxa
Relationships
0.01
(CA) (1,3)
14.58%
37.21%
0.01
16.67%
42.11%
Taxa
Relationships
0.55
(3)
10.34%
12.00%
0.86
8.00%
13.64%
Arguing and
0.88
Inferring (5)
13.79%
17.39%
0.73
12.00%
13.64%
3.2 Tree Style Comparison
When analyzing student performance for each assessment question, there was no
significant change in student interpretation of phylogenetic concepts between the two tree styles
(Table 3.2).
11

Figure 3.1. Percentage of students who answered the multiple-choice questions correct and gave
a correct response for each concept tested in the pre-assessment and the post-assessment for each
tree style. The Schramm Levels that apply to each concept tested are shown in parentheses. CA –
common ancestor. Question number in parentheses.
3.3 Coding Comparison
3.3a. Analytical Coding Comparison of Student Responses
For four of the assessment questions, students preferred to read the tree superficially over
using scientific language for most of the assessment questions (Table 3.3) The superficial tree
reading category was not used for the “Arguing and Inferring” question given students did not
discuss physical components of the phylogenetic tree in their responses. The coding categories
“Random Mutation” and “Increased Genetic Differences” were used only in the “Arguing and
Inferring” question since these types of responses were commonly seen only in this question.
When given a prompt with the number of genetic mutations between two populations on a
phylogenetic tree, we saw students opt to discuss concepts provided in the prompt (e.g. number
of mutations) over using the information provided and drawing conclusions using concepts
beyond the prompt (e.g. random mutations concept, Table 3.3, Appendix B).
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Table 3.2. Comparison of students both correctly answering the five multiple-choice assessment
questions and giving correct explanations of the phylogenetics concept for the cladogram group
and the phylogram group The Schramm Levels that apply to each concept are shown in
parentheses. CA stands for common ancestor.
Tree Style
Pre-Assessment (n=54)
Post-Assessment(n=47)
Species Descent (1)
Cladogram
25.93%
56.52%
Phylogram
72.00%
68.18%
p-value
0.625
0.272
Apomorphies (2)
Cladogram
70.00%
71.43%
Phylogram
75.00%
83.33%
p-value
0.929
0.696
Taxa Relationships (CA) (1,3)
Cladogram
14.58%
37.21%
Phylogram
16.67%
42.11%
p-value
0.792
0.659
Taxa Relationships (3)
Cladogram
10.34%
12.00%
Phylogram
8.00%
13.64%
p-value
0.782
0.883
Arguing & Inferring (5)
Cladogram
13.79%
17.39%
Phylogram
12.00%
13.64%
p-value
0.858
0.745
Approximately the same amount of phylogram students were able to correctly use the scale to
determine taxa relationships as cladogram and phylogram students were able describe a common
ancestor or other evolutionary relationships (Table 3.3).
The most common misconception portrayed was counting nodes, with approximately
46% of students from both group portraying this misonception (Table 3.3). Less than 10% of
students counted branch tips and/or used pedigree language in their respsonse (Table 3.3).
3.3b. Coding of Student Responses Using Schramm framework
Coding responses according to the Schramm framework revelaed that students portrayed
multiple levels of the framework in each question. There were significantly more students
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conveying misconceptions and/or incorrectly answering the question (Schramm level 0) in the
phylogram group than in the cladogram group (Table 3.4).
Table 3.3. Comparison of students using scientific language, non-scientific language, and
misconceptions to explain their responses between the cladogram group and the phylogram
group. Scientific language is colored as green, non-scientific language is colored as yellow, and
misconceptions are colored as red. Descriptions of each coding category can be found in the
Appendix A2.
Tree Style
Post Assessment (n=47)
Tree Style
Post Assessment (n=47)
Common Ancestor
Superficial Tree Reading
Cladogram
28.57%
Cladogram
52.04%
Phylogram
19.32%
Phylogram
63.64%
p-value
0.143
p-value
0.112
Other Evolutionary Relationships
Counting Nodes
Cladogram
23.47%
Cladogram
46.88%
Phylogram
18.18%
Phylogram
46.43%
p-value
0.379
p-value
0.980
Random Mutation
Pedigree Explanation
Cladogram
13.04%
Cladogram
5.19%
Phylogram
4.55%
Phylogram
7.14%
p-value
0.334
p-value
0.627
Increased Genetic Differences
Branch Tip Proximity
Cladogram
52.17%
Cladogram
3.13%
Phylogram
45.45%
Phylogram
7.14%
p-value
0.665
p-value
0.492
Correct Scale
Cladogram
N/A
Phylogram
18.42%
p-value
N/A
Of the 47 students that completed the post-test, 30 students counted nodes in at least one
of their responses and five gave pedigree explanations for both styles. There were significantly
more students conveying misconceptions (Schramm level 0) in the phylogram group than in the
cladogram group (Table 3.4). There were significantly more students correctly identifying
components of phylogenetic tree in the cladogram group than in the phylogram group (Level 1,
Table 3.4). There were no significant differences in students correctly identifying traits (Level 2)
or correctly identifying relationships between taxa when comparing the two tree styles.
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Table 3.4. Comparison of students being classified at each level of the Schramm Framework
using the non-parametric paired t-test (Mann-Whitney U Test) between tree styles for the post
tests. Schramm level 4 was not assessed in the question set used for this analysis.
Schramm
Cladogram Counts
Phylogram Counts
p-value
Level
0
15
31
0.009
1
62
44
0.012
2
6
6
0.777
3
21
18
0.879
4
Not assessed
Not assessed
N/A
5
4
3
0.7952
There was no significant change between styles in students correctly using information
not provided in the tree (Level 5) in their responses (Table 3.4). A student could only be
classified as a true level 5 if they correctly answered the question and gave a correct scientific
response. Only four students in the cladogram group and three students in the phylogram group
were classified as a Level 5 in the post-assessment.
Table 3.5. Correlations calculated between coding categories from the post-assessments using
the phi correlation coefficient. N/A = not assessed.
Coding
Common Scientific Counting Superficial Pedigree Level Level
Categories
Ancestor Reasoning Nodes
0
3
Scientific
Reasoning
Counting Nodes N/A
N/A
Superficial Tree N/A
N/A
0.68
Reading
Pedigree
N/A
N/A
N/A
N/A
Level 0
N/A
0.09
N/A
0.15
-0.14
Level 3
-0.0947
-0.087
N/A
N/A
0.17
N/A
3.3c. Categorical Coding Correlations
We investigated a number of correlations between our original analytic coding and the
Schramm classification of students’ responses. There was no significant correlation between a
student superficially reading the tree and being classified as a level 0 in the Schramm framework
(Table 3.5). There was a strong positive correlation between students superficially reading the
tree and counting nodes in their responses (Table 3.5). There was no correlation between
15

students using scientific reasoning (i.e., using the term common ancestor or other evolutionary
language) and being classified as a level 0 (Table 3.5). There was also no significant correlation
between a student mentioning a common ancestor and being classified as a Schramm Level 3.
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Chapter 4: Qualitative Results
The student interviews allowed us to gain additional insight into students’ thought
processes when answering the phylogenetic tree questions beyond what they wrote in the
assessments. The non-parametric t-test (Wilcoxon Rank Sum Test) revealed no significant
differences between student reasoning between the written responses and the interviews (see
Table A 3) indicating that students used a similar approach for both tasks. However, the more
elaborate discussions with the students during interviews revealed potential causes behind the
pedigree misconception interviews, a more in-depth analysis of student struggles with
vocabulary, and gave us a clearer idea of students’ critical thinking skills when interpreting
phylogenetic trees.
4.1 Multiple-Level Responses
Multiple levels of the Schramm level thinking were seen in the interviews in addition to
the written responses. Figure 4.1 conveys a student being classified at both a level 1 for correctly
identifying the common ancestor, but also at a level 0 for counting nodes to explain the
relationship between the two taxa.
4.2 Pedigree Explanation
Student 4 used the pedigree explanation when they were asked to explain their answer to the
assessment questions. A pedigree explanation describes the use of terminology generally
associated with a pedigree that instead is used by a student to describe relationships in a
phylogenetic tree. For example, a student giving a pedigree explanation would call a descendant
an “offspring” or “child”, and an ancestor a “parent”.
17

Interviewer: Why do you think K and J are more closely related?
Student 8: A IS OBVIOUSLY THE MOST COMMON ANCESTOR BETWEEN THEM . And then they just
have like another point or whatever in between that. And then D has two points in between it
and second one.

Figure 4.1: Interview excerpt demonstrating non-hierarchical application of coding levels. Caps
font is used to demonstrate scientific thinking (Level1). Bold font is used to notate instances of
counting nodes (Level 0). Cladogram is inserted as a reference.
Student 4 used pedigree language for the first four questions and used correct scientific
reasoning with no pedigree explanations for the final 5 th question (Figure 4.2A). However, for all
the questions, the student did use correct terminology (e.g., ancestor, most recent common
ancestor), conveying a Schramm level 1 understanding of phylogenetic trees, but they must also
be classified as a Level 0 because they also gave pedigree explanations (Figure 4.2).
Student 4 was also able to correctly identify the relationships between taxa using the
MRCA concept (Figure 4.2B), after using pedigree language. Interestingly, it seems that the
student understood the species were not actual cousins, because they stated they used a “cousin
metaphor” before switching their language to correct phylogenetic tree connotation (Figure
4.2C).
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4.3 Phylogenetic Tree Terminology
Multiple students in the interviews struggled with phylogenetic tree terminology when
explaining their responses.

a) Interviewer: Why do you think that C D are equally related to E?
Student 4: Um, they are like the same amount of family members away, not ancestors, but
common, commonly related species away.
b. Interviewer: So according to the phylogenetic tree, did C evolve from D?
Student 4: Um, so no C would not have evolved from D, THEY WOULD HAVE BOTH EVOLVED
FROM G, WHICH IS THE MOST RECENT COMMON ANCESTRY.
c.) Interviewer: According to the tree, how would you describe the relatedness of F to C and
B?
Student 4: I would use like the, the cousin, um, metaphor, not metaphor, like the cousin
again, like they have a common relation under species G. F is common relation under species
G, and I would say F is equally related to C and B.
Figure 4.2. Interview excerpt demonstrating the use of Pedigree language/explanation. Bold font
is used to notate instances of counting nodes, Caps is used to identify scientific reasoning (Level
1), and the pedigree misconception is notated with underlined font. A) Example of student using
pedigree language and counting nodes, and reference cladogram B) Example of using scientific
terminology in the same explanation. C) Example of student identifying the pedigree language as
a metaphor.
The terminology referred to includes nodes, ancestors, and descendants. As stated previously,
students opted for pedigree language instead of “ancestors” or “descendants” to explain
relationships between taxa. Furthermore, students struggled with the term “nodes” and opted for
19

language like “branch points” instead. An excerpt from Student 8 below reveals this confusion
(Figure 4.3). During the interviews, only two students could not recall the nodes terminology.
Interviewer: So K and J share more recent common ancestor in comparison to and B. So you
can go into a little bit more explanation, as to why you think K and J are more closely
related?
Student 8: Just because they each well, yeah, they each have like, just like the, there's like
one common ancestor between A. A is obviously the most common ancestor between them,
and then they just have like another point or whatever in between that. And then D has two
points in between it and second one.
Interviewer: Okay. Got it. So you're counting the points right here [interviewer points to
nodes on phylogram] and then, you know, like another name for these.
Student 8: I feel like if it was on paper, I would recognize that as the name, but off the top of
my head no.
Interviewer: That's totally okay. So we also called these nodes.
Figure 4.3. Interview excerpt revealing a students’ inability to recall vocabulary associated with
the phylogenetic tree, specifically the term “nodes”. Inability to recall vocabulary is italicized.
4.4 A Deeper Dive Into Schramm Level 5: Students’ Ability to Apply Concepts Beyond the
Tree
A student is classified at a Level 5 for tree thinking if they use information not explicitly
provided in the tree to reveal an understanding of evolutionary concepts in relation to the
phylogenetic tree to provide conclusions/inferences (Schramm et al. 2019).
When asked to explain their written response, Student 9 revealed an understanding of
functional mutations, though they did not use that term explicitly in their explanation (Figure).
The interview revealed that Student 9 understood that not all mutations are the same, and that the
phylogram revealed which mutations actually caused a genetic change (Figure 4.4). This student
would be classified at the highest Schramm Level, a level 5, because they were able to apply
knowledge not directly portrayed in the phylogenetic tree, the functional mutation concept
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(Figure 4.4). Only Student 9 exhibited Schramm Level 5 thinking in the interviews, however,
seven students exhibited Schramm Level 5 thinking in the written post-assessments.

Interviewer:
Looking at this tree consider this scenario. Species B population has had seven
mutations that cause it to diverge from other populations within that same species and then
species C the population has had three mutations that cause it to diverge from other
populations within species C. So is one species more likely to go through a speciation event
than the other? So, you said neither species is more likely to go through a speciation event.
Your explanation is the number for both is 0.4, which means they have the same number of
mutations. So go into a little bit more description as to why you thought that given that the
prompt said that one had seven and one had three.
Student 9:
Even though they had seven mutations, the, what we see in the phylogenetic tree is that the,
the mutations that counted. I don't know if I'm saying this right. How I thought about it is
the mutations that are actually counted were the 0.4. Um, I don't know the difference
between like mutations and that number really, but looking at the tree, I see that is they
have the same, um, they have the same mutations and neither of those either branch or like
they don't have, um, they're not ancestors to different species. That's what I saw in the tree.
Figure 4.4. Interview excerpt from Student 9 conveying Schramm Level 5 thinking-the ability to
apply concepts not explicitly provided in the phylogenetic tree.
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Chapter 5: Discussion
The purpose of this study was to analyze how student interpret different styles of
phylogenetic trees and determine how tree style influences student understanding of evolutionary
concepts. Furthermore, we wanted to determine what scientific and non-scientific reasoning
students used when explaining the concepts assessed.
5.1 Students Performed Better with Cladograms
Cladogram students had overall fewer misconceptions and were able to correctly identify
more features of the phylogenetic tree the phylogram students (Table 3.1, Table 3.4). This may
be because over half of the cladogram students answered they had previous experience with
phylogenetic trees while only approximately 28% of phylogram students stated they had
previous experience with phylogenetic trees, despite random assignment to each group.
Furthermore, undergraduates are almost exclusively taught cladograms (Cately & Novick 2008),
so even the phylogram students with previous tree experience most likely encountered the more
complex tree style for the first time during the lesson (see Table A1).
The lesson and coursework students completed on phylogenetic trees did not significantly
increase their ability to interpret concepts associated with phylogenetic trees. This may be due to
an insufficient time spent explaining phylogenetic tree concepts. More time may be needed for
additional activities that foster tree learning such as the construction of trees from trait data
(Halverson 2011, Goldsmith, 2003)
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5.2 Students Conveyed Multiple Levels of Thinking
We found that students often exhibit multiple levels of tree thinking in their responses,
and due to the complexity of their written and interview responses, it may be difficult to classify
tree thinking at a hierarchal level. For instance, Figure 4.1 shows a student exhibiting both
Schramm Level 1 and 0 in their response. Classifying the student at a level 0 would flag the
answer and allows the instructor to investigate the reason why the student is unable to be
classified at higher levels. Classifying the student as a level 1 also would allow the instructor to
determine what the student already knows. Therefore, a framework able to identify what the
student is getting correct and where there are misconceptions will give a more accurate picture of
a students’ ability to interpret phylogenetic trees.
5.2a. Node Counting
We included analytic coding categories in conjunction with the Schramm levels to get a
clearer idea of the concept’s students were able to use when interpreting phylogenetic trees as
well as specific misconceptions in the written assessments. These categories allowed us to better
identify the misconceptions preventing students from being classified at higher levels of the
framework. Of the common misconceptions stated in previous literature (i.e., branch tip
proximity and counting nodes, we found the most common misconception to be node counting,
with approximately 46% of students in both groups counted nodes when answering the taxa
relationship questions in the post-assessment (Table 3.3). Previous studies have found this
misconception to be common when students are answering taxa relatedness questions (Meir et al.
2007, Dees et al. 2014). A potential cause may be the focus of superficial components of the tree
(i.e., nodes, lines) when determining taxa relationships.

23

We found students frequently used superficial tree reading in their responses, and there
was a strong positive correlation between students superficially reading the tree and counting
nodes (Table 3.5). This means that when the number of students superficially reading the tree
increases, the number of students counting nodes also increases. Therefore, reading the
superficial components of the tree may not be adequate for correctly interpreting taxa
relationships. Superficial tree reading may mask the behavior of counting nodes when students
incorrectly arrive at the correct conclusion. Being able to understand the underlying evolutionary
concepts of the superficial aspects of the tree may be inhibited by incorrect vocabulary.
5.3 Pedigree Explanation
When analyzing the vocabulary students used to explain their answers, we found an
interesting phenomenon we coined “pedigree explanations”. A pedigree explanation is when a
student uses language associated with pedigrees (genetic relationships among family members)
in their responses. For instance, some students referred to ancestors as “parents”, and
descendants as “offspring or children”. A potential influence of the use of pedigree language
may be the term “sister taxa” commonly used when teaching relationships to describe two taxa
sharing a most recent common ancestor. There was no significant correlation between students
using pedigree language and conveying other misconceptions when answering the assessment
questions or being classified as a Level 3 for correctly interpreting taxa relationships (Table 3.5).
Thus, there is a possibility that using pedigree language does not impact a student’s ability to
describe relationships of taxa. However, alternatively this language could inhibit a students’
ability to understand the longer time scale over which evolution can occur. For instance,
evolution can occur over millions of years and thousands of generations or more, not solely in a
generational scale, and the ancestors portrayed on the tree are extinct which may not be true for
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pedigree charts. Furthermore, previous studies have found lexical ambiguity (words with
multiple meanings when applied to different context) to be a barrier in student understanding of
evolutionary concepts (Rector et al. 2012). However, more information would be required to
determine if using pedigree language inhibits a student’s ability to retain and analyze these
evolutionary concepts.
We observed students using other language to describe components of the phylogenetic
trees, and the interviews revealed that some students struggle with nodes terminology
specifically. This pattern was conveyed in the written responses, where many students opted for
other descriptors for the word “nodes”. Examples include “branch points”, “generation” and
“next step”. “Nodes” was one of the vocabulary words taught at both participating institutions,
and some students did use the language in their response. Further interviews would be required
to determine if students who used alternative descriptors did not know or recall the terminology
or simply chose to use a different word for “nodes”.
5.4 Limitations and Next Steps
5.4a. Limitations
Our sample was drawn from introductory level courses at two research institutions.
Future studies can examine student interpretation of phylogenetic trees in other learning
environments such as courses with larger enrollments, and community college settings.
Furthermore, future studies could sample from higher level courses (i.e., upper-level
undergraduate courses, graduate courses) to analyze their ability to interpret phylogenetic tree.
This study focused on question related to most of the concepts/levels measured by the Schramm
framework (e.g., interpret phylogenetic tree relationships and their ability to convey ideas
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outside the tree). However, it would be interesting to include Level 4 (student ability to flip
branches and understand the relationship) for future studies.
5.4b. Implications for Teaching
While our lesson did not significantly increase student performance with phylograms,
these trees are still widely used in research and perhaps different approaches may more
successfully teach these trees and their associated concepts to give students a more accurate idea
of the mechanisms of evolution beyond the cladogram. Potential instructional changes could be
shifting a focus from introductory level biology courses to upper-level genetics courses since
students continued to convey foundational misconceptions after the lesson.
Furthermore, an extended lesson beyond the 30-45 minutes given in this study to
introduce both tree styles and incorporate more active learning techniques (i.e., tree construction)
may increase student performance with phylograms. Previous studies have found the
construction of trees to be beneficial but being able to interpret trees is an important first step
(Halverson 2011, Goldsmith, 2003, Meir et al. 2005, Dees et al. 2018).
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Appendix A
A1. Table of demographic information of the study population. Fifty-four participants in
the study completed the demographic survey.
Topic
Age Range
Over 21 years-old
18-21 years-old
Gender
Female
Male
Non-binary
Prefer not to say
Ethnicity*
American Indian or Alaskan Native
Asian
Black or African American
Native Hawaiian or Other Pacific Islander
White
Hispanic or Latino
Other
Previous Experience with Phylogenetic
Trees
Cladogram Group
Yes
No
Phylogram Group
Yes
No

Students
(%)
5.5
94.5
45.5
49.1
3.6
1.8
1.8
29.1
7.3
1.8
49.1
3.6
10.9

53.3
46.7
28.0
72.0

*Percentages add up to over 100 as students could select multiple ethnicities
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A2: Qualitative coding rubric categories with descriptions and examples. The bolded words
convey the part of the response that classifies it as a part of the corresponding category that will
receive a 1 when coding the response. The red text pinpoints the part of the students’ response
that classified it as a misconception, and their response will also receive a 1 for that category.
Category

Description

Example

Superficial Tree Reading

The student only uses physical
characteristics of the tree to
explain relationships

"I believe species J is
most closely related to
species E because that is
the first species to be
connected to E as you
trace the line."

Common Ancestor

The student mentions "common
ancestor" or "most recent
ancestor" in their response

"A and C & D are
equally related as they
share a common
ancestor of organism I."

Sister Taxa

The student describes two species
as "sister taxa" or in a "sister
group"

"C and D are both sister
taxa and therefore are
just as closely related to
other species on other
branches such as A."

Other Evolutionary
Relationships

Student mentions relationships
that do not include "common
ancestor" or “sister taxa”

"they both descended
from the same ancestor
E"

Correct Scale Assumption

The student correctly uses
numbers in the phylogram to
explain relationship between
species

"B number 0.4 is closer
to H 0.3 than A which is
0.5."

Pedigree Explanation

The student uses terminology
such as "offspring" and "parent"
in their response

"I selected G, because it
seems that C is an
offspring of G and that
would be the most
recent."
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Misconception: Counting
Nodes

Using the number of nodes or
"points" to determine relatedness

"It is the closest point
from E"

Misconception: Branch Tips

Reading the tree vertically across
the tips of the branches

"Organism D is most
closely related to
organism E due to both
generating from
organism J and being
physically next to E on
the tree."

A3. Table comparing student performance between their written responses and their coded
interviews. Level 4 is classified as N/A because none of the students were coded for this level for
either the written or for the interviews.
Coding Category
p-value
Common Ancestor
0.798
Other Evolutionary
0.548
Relationships
Superficial Tree Reading
0.548
Schramm L0
0.584
Schramm L1
0.218
Schramm L2
0.391
Schramm L3
0.079
Schramm L4
N/A
Schramm L5
>0.99

32

Appendix B

B1. The two phylogenetic trees used for the pre-assessment questions unless another figure is
given.
B2. Pre-Assessment Questions with the corresponding framework level from Schramm and other
researchers required to correctly answer the question.
Identifying Relationships
1. According to the phylogenetic tree, how would you describe the relatedness of A to D and I?
a. A is more closely related to D than I.
b. A is equally related to D and I.
c. A is more closely related to I than D.
1a. Explain the reasoning for your choice.
Identifying Structures/Identifying Relationships (Contemporary Descent)
2. List the species that species H has descended from in order of oldest to most recent.
2a. Explain the reasoning for your choice.
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Arguing and Inferring
3. Looking at your phylogenetic tree, consider the following scenario. In the species B
population, a population has had 7 mutations that caused this population to diverge from other
populations in species B. In species C, a population has had 3 mutations that caused the
population to diverge from other populations in species C. Is one species more likely to go
through a speciation event than the other?
a. Species C is more likely to go through a speciation event.
b. Species B is more likely to go through a speciation event.
c. Neither is more likely to go through a speciation event.
3a. Explain your answer
Identifying Relationships (Most Recent Common Ancestor)
4. Looking at the phylogenetic tree, describe the relationship between A and D.
a. A is more closely related to E than D.
b. D is more closely related to E than A.
c. A and D are equally related to E.
4a. Explain your reasoning for your choice.
Handling Apomorphies
Cladogram (Group A)

Phylogram (Group B)

5. Looking at the phylogenetic tree, list the traits shared by species G and C.
5a. Explain your reasoning.
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B3. The two phylogenetic trees used for the post-assessment questions unless another diagram is
given.

B4. Post-Assessment Questions with the corresponding framework level from Schramm and
other researchers required to correctly answer the question.
Identifying Relationships
1. According to the phylogenetic tree, how would you describe the relatedness of K to J and B?
d. K is more closely related to J than B.
e. K is equally related to F and B.
f. K is more closely related to B than F.
1a. Explain the reasoning for your choice.
Identifying Structures/Identifying Relationships (Contemporary Descent)
2. List the species that species B has descended from in order of oldest to most recent.
2a. Explain the reasoning for your choice.
Arguing and Inferring
3. Looking at your phylogenetic tree, consider the following scenario. In the species D
population, a population has had 7 mutations that caused this population to diverge from other
populations in species D. In species C, a population has had 3 mutations that caused the
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population to diverge from other populations in species C. Is one species more likely to go
through a speciation event than the other?
d. Species C is more likely to go through a speciation event.
e. Species D is more likely to go through a speciation event.
f. Neither is more likely to go through a speciation event.
3a. Explain the reasoning for your choice.
Identifying Relationships
4. Looking at the phylogenetic tree, describe the relationship between K and J.
d. K is more closely related to A than J.
e. J is more closely related to A than K.
f. J and K are equally related to A.
4a. Explain your reasoning for your choice.
Handling Apomorphies
Cladogram (Group A)

Phylogram (Group B)

5. Looking at the phylogenetic tree, list the traits shared by species B and L.
5a. Explain your reasoning.
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